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HIGHLIGHTS 


•  The  AB5-type  metal  alloy  (Mm— Ni4.1Alo.2Mno.4Coo.45)  has  been  investigated  in  alkali  metals  hydroxides  solutions. 

•  Hydrogen  diffusion  coefficient  has  been  determined  using  limited  volume  electrode  (LVE)  containing  no  binder  additives. 

•  The  unit  cell  of  LaMmNi4.1Alo.2Mno.4Coo.45  have  been  refined  in  the  Cus^Ybo.s  structure  type. 
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The  ABs-type  metal  alloy  (Mm— Ni4.1Alo.2Mno.4Coo.45)  has  been  investigated  in  different  electrolytes 
(LiOH,  NaOH,  KOH,  RbOH,  CsOH).  All  of  the  electrochemical  measurements  have  been  performed  using 
limited  volume  electrode  technique  (LVE).  Thickness  of  the  working  electrode  is  nearly  equal  to  the 
diameter  of  the  grain  (ca.  50  pm).  Hydrogen  diffusion  coefficient  has  been  determined  using  chro- 
noamperometry.  Hydrogen  diffusion  coefficient  calculated  for  100%  state  of  charge  reaches  maximum 
value  in  KOH  (DH  =  4.65  10_1°  cm2  s_1).  We  have  obtained  the  highest  value  of  capacity  for  the  electrode 
in  KOH  and  the  lowest  —  in  CsOH.  The  temperature  influence  on  alloy  capacity  has  been  also  tested.  The 
alloy  has  been  also  characterised  with  SEM  coupled  with  EDS,  TGA/DSC  and  powder  XRD.  The  unit  cell  of 
MmNi4.1Alo.2Mno.4Coo.45  have  been  refined  in  the  Cus^Ybo.s  structure  type  (a  modified  LaNis  structure); 
the  structure  is  unaffected  by  the  electrochemical  treatment. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nickel-metal  hydride  batteries  are  one  of  the  most  used  elec¬ 
trochemical  power  sources.  Ni-MH  batteries  are  much  less  toxic 
than  nickel-cadmium  batteries  and  still  much  cheaper  and  safer 
than  lithium-ion  batteries.  Although  they  are  excellent  for  power¬ 
ing  of  many  portable  devices  or  Hybrid  Electric  Vehicles  (HEV)  [1  — 
3],  the  attainable  current  densities  of  Ni— MH  batteries  are  not 
sufficient  for  their  use  in  the  devices  demanding  very  high  power 
densities  or  for  usage  at  low  temperatures.  Preparation  of  new 
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hydrogen  storage  alloys,  used  as  the  anode  materials  in  Ni-MH 
batteries  is  one  of  the  methods  considered  for  the  improvement  of 
these  batteries  [4]. 

Limited  Volume  Electrode  (LVE)  technique  is  used  to  investigate 
hydrogen  storage  alloys.  In  case  of  powder  hydrogen  storage  alloys 
LVE  electrodes  are  prepared  by  a  high-pressure  compression.  In  our 
approach  [5]  we  form  a  pellet  of  a  pure  alloy  pressed  in  between 
two  pieces  of  a  gold  mesh  used  as  a  current  collector.  We  do  not  use 
any  binders  (i.e.  PTFE,  PVA,  graphite,  metal  powders)  which  could 
influence  the  observed  electrochemical  behaviour  of  the  alloy 
investigated  [1,6-9]. 

In  this  paper  we  present  and  characterise  a  hydrogen  storage 
ABs-type  metal  alloy  of  a  nominal  composition:  Mm- 
Ni4.1Alo.2Mno.4Coo.45.  The  aims  of  our  work  were:  (i)  physico¬ 
chemical  characterisation  of  the  Mm-Ni4.1Alo.2lVIno.4Coo.45 
hydrogen  storage  alloy,  (ii)  determination  of  electrochemical 
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capacity  of  the  alloy  in  several  1  M  alkali  metal  hydroxide  elec¬ 
trolytes,  (iii)  investigation  of  hydrogen  diffusion  coefficient  in  the 
alloy  using  different  electrolyte  compositions. 

2.  Experimental 

2.1.  Preparation  of  limited  volume  electrode  (LVE) 

Limited  Volume-type  working  electrodes  were  prepared  by 
pressing  a  small  amount  (up  to  30  mg)  of  an  ABs-type  alloy  (Mm— 
Ni4.1Alo.2Mno.4Coo.45,  prepared  by  mechanical  milling)  into  an  Au 
metal  mesh  (99.9%,  Goodfellow,  nominal  aperture  0.25  mm)  under 
pressure  of  up  to  20  MPa  [5].  We  used  gold  matrix  due  to  (i)  elec¬ 
trochemical  neutrality  within  wide  potential  window,  (ii)  chemical 
inertness  in  respect  to  hydrogen  absorption  processes,  (iii)  high 
electronic  conductivity  and  (iv)  softness  and  compressibility 
allowing  pressing  of  the  alloy  particles  into  the  net  without 
damaging  the  structure  of  the  formers. 

The  electrode  was  placed  in  a  specially  designed  PTFE  holder  [5] 
(Fig.  1)  similar  to  the  one  used  by  Zheng  et  al.  [10].  We  put  the 
electrode  between  two  pieces  of  separator  (polyethylene)  used  in 
standard  Ni-MH  cells. 

Such  experimental  setup  allows  us  to  measure  the  electro¬ 
chemical  response  from  the  pure  alloy  material,  as  no  binder  ad¬ 
ditives  are  necessary. 

2.2.  Electrochemical  setup  and  techniques 

MH-LV  electrodes  were  activated  by  50  cycles  in  potential  range 
between  -1.1  and  -0.4  V  vs.  Hg|FIgO  at  2  mV  s-1.  The  voltammetric 
(CV)  and  chronoamperometric  (CA)  measurements  were  per¬ 
formed  with  an  AUTOLAB  30  (Eco  Chemie  B.V.,  The  Netherlands) 
electrochemical  analyzer.  A  scanning  electron  microscope  (SEM) 
LEO  43 5 VP  coupled  with  an  energy-dispersive  X-ray  spectroscopy 
(EDS)  analyzer  (Rontec  EDR286)  was  used  to  investigate  of  the 
structure  and  elemental  composition  of  the  electrodes. 

The  temperature  was  stabilised  using  KRY051  bath  with  a  Lauda 
(Proline  855)  thermostat. 

All  the  measurements  were  performed  in  a  three-electrode 
system  in  Teflon  cell.  MEI-LVE  electrode  was  used  as  a  working 
electrode,  Hg|HgO  with  6  M  KOH  (HYDROMET,  Poland)  and  gold 
sheet  (Mint  of  Poland)  served  as  reference  and  counter  electrodes, 
respectively.  All  the  potentials  in  this  paper  are  referred  to  Hg|HgO. 

2.3.  Other  techniques 

Powder  diffraction  patterns  (XRD)  were  recorded  using  Bruker 
D8  Discover  and  PANalytical  X’Pert  Pro  diffractometers,  with 


Table  1 

Amount  [%  weight]  of  the  most  abundant  elements  of  the  alloy  determined  by  EDS 
for  as  synthesized  alloy  and  after  6  months. 


La 

Ce 

Ni 

Co 

Mn 

Al 

EDS  (as  synthesized) 

20.1 

8.5 

55.0 

6.1 

4.8 

4.8 

EDS  (after  6  months) 

19.91 

7.80 

56.94 

5.75 

4.08 

2.00 

Q1K0C12  (A  ~  1.5406  A)  and  C0K0C12  (A  ~  1.78901  A)  radiation, 
respectively.  A  parallel  X-ray  beam  was  used,  with  the  Ka p.I<a2  in¬ 
tensity  ratio  of  ca.  2:1.  Samples  were  loaded  into  0.3  mm  thick 
quartz  capillaries  under  air.  To  decrease  absorption  of  radiation 
(high-density  samples)  only  the  walls  of  capillaries  were  covered 
with  powder.  Jana2006  [11  ]  was  used  for  Rietveld  refinement  of  the 
structure  model  described  in  the  following  section.  The  shape  of 
diffraction  peaks  was  modelled  by  a  pseudo-Voigt  function  and  the 
anisotropic  broadening  as  well  as  the  preferred  orientation 
(March— Dollase)  corrections  were  used.  The  atomic  displacement 
parameters  (ADP)  of  lanthanides  as  well  as  ADP  of  non-lanthanide 
metals  (M)  were  set  equal.  Due  to  unreliable  refinement  parame¬ 
ters,  the  independent  coordinate  of  M  at  2e  Wyckoff  site  was  fixed 
as  z  =  0.3.  The  final  profile  fit  parameters  are  as  follows:  Rp  =  0.95%, 
RWp  =  1.40%,  GOF  =  1.11,  ^Bragg  =  4.24%.  Further  details  of  the  crystal 
structure  of  Mm-Ni4.1Alo.2Mno.4Coo.45  alloy  may  be  obtained 
from  Fachinformationszentrum  Karlsruhe,  76344  Eggenstein- 
Leopoldshafen,  Germany  (fax:  (+49)7247-808-666;  e-mail: 
crysdata@fizkarlsruhe.de)  on  quoting  the  CSD  number  427242. 

EDS  measurements  were  performed  to  determine  elemental 
composition  of  the  alloy.  EDS  data  was  collected  using  FE-SEM 
Merlin  form  Zeiss. 

Average  diameter  of  the  grains  of  the  alloy  was  determined 
using  Infrared  Particle  Sizer  (IPS)  device  IPS  UA  from  Kamika  with 
detection  limit  of  0.5  pm.  Measurements  were  performed  in  the 
range  of  0-150  pm  with  the  sensitivity  of  0.5  pm. 

Thermal  stability  of  the  alloy  was  investigated  using  an  STA  409 
simultaneous  thermal  analyzer  from  Netzsch,  in  the  temperature 
range  0-550  °C.  Simultaneous  thermogravimetric  analysis  (TGA), 
differential  scanning  calorimetry  (DSC)  and  evolved  gas  analysis 
(QMS)  was  done.  The  samples  were  loaded  into  alumina  crucibles. 
High  purity  argon  (99.9999%)  was  used  as  a  carrier  gas. 

3.  Results  and  discussion 

3.1.  Characterisation  of  the  alloy 

The  amount  of  the  most  abundant  elements  of  the  alloy  was 
determined  with  EDS  (see  Table  1).  However,  the  amount  of  the 
least-abundant  elements  cannot  be  determined  precisely  with  this 
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Fig.  1.  Limited  volume  electrode  made  of  hydrogen  storage  alloy  powder  pellet  placed  in  a  PTFE  holder. 
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method  due  to  an  overlap  of  their  signals  with  the  signals  of  the 
most  abundant  elements  and  other  limitations  of  EDS  technique. 
Therefore  we  have  used  the  nominal  composition  for  the  further 
considerations.  From  Table  1  it  can  be  seen  that  the  contents  of  the 
elements  are  different  for  as  synthesized  alloy  and  after  6  months. 
These  EDS  measurements  differ  and  it  is  due  to  changes  occurring 
during  the  time  of  storage  the  material.  We  explain  it  as  the  atom 
segregation  within  the  alloy  particles  (this  phenomenon  was  pre¬ 
viously  observed  i.e.  by  Wallace  et  al.  [12]).  The  EDS  allows  us  to 
determine  the  composition  of  the  surface  layers  of  the  alloy  (up  to 
few  microns),  so  we  cannot  obtained  the  average  content  of  every 
element  in  the  alloy.  One  should  also  take  under  consideration  that 
the  alloy  is  composed  of  another  elements  also  (vestigial  amount  of 
Pr,  Nd,  O,  C  etc.)  which  can  disturb  receiving  proper  results.  The 
nominal  stoichiometry  was  obtained  from  the  weight  of  compo¬ 
nents  used  in  high  energy  ball  milling  to  obtain  the  alloy. 

The  powder  X-ray  diffraction  pattern  of  the  investigated  alloy 
(Fig.  2)  shows  signals  from  a  single  phase,  which  are  consistent 
with  a  hexagonal  (P6/mmm)  unit  cell  of  CaCu5  structure  type 
adopted  by  native  LaNis  [13,14].  The  unit  cell  constants  of  Mm— 
Ni4.1Alo.2Mno.4Coo.45  are  only  slightly  larger  than  those  of  LaNis  (ca. 
1.4%  greater  volume):  a  =  b  =  5.0079(5)  A,  c  =  4.0521(4)  A, 
V  =  88.007(16)  A3. 

While  the  diffraction  pattern  indicates  the  structure  similar  to 
that  adopted  by  LaNi5,  the  nominal  stoichiometry  of  LnM525 
(Ln  =  La,  Ce,  Nd,  Pr,  M  =  Ni,  Co,  Mn,  Al),  and  the  lack  of  diffraction 
signals  from  M  (the  expected  contamination  if  the  alloy  crystallised 
as  the  LnMs  compound)  indicate  that  a  modified  structural  model 


would  be  more  appropriate.  Such  a  model  based  on  Cus^Ybo.s 
structure  type  has  been  proposed  by  Percheron-Guegan  et  al.  for 
LaNi5.i2  and  related  compounds  with  the  excess  of  metal  M: 
Lni_xM5+2x  (Ln  —  lanthanide,  M  —  transition  metal  or  Al)  [15].  In 
this  structure,  some  of  the  lanthanide  atoms  at  the  cell  origin  (la 
Wyckoff  site)  are  replaced  by  a  pair  of  M  atoms  at  the  2e  site 
(0,0, ±z)  and  some  of  M  atoms  at  the  2c  site  Ch  z)  move  to  the  61 
site  (x,2x,0). 

The  distribution  of  M  atoms  among  various  Wyckoff  sites  in  the 
Lni_xM5+2x  alloys  is  typically  nonuniform  and  it  depends  on  the 
size  and  the  electronic  properties  of  a  particular  atom  [15,16]. 
However,  a  reliable  refinement  of  the  occupancy  in  the  multiple- 
substituted  alloys  requires  several  independent  diffraction  data 
sets.  This  could  be  achieved  for  multiwavelength  synchrotron 
powder  diffraction,  with  the  use  of  anomalous  dispersion  effects 
[17].  Due  to  such  limitations,  we  have  assumed  a  nominal  compo¬ 
sition  of  the  alloy  investigated  by  us,  and  a  uniform  distribution  of 
M  atoms  between  the  Wyckoff  sites.  The  structure  of  the  alloy  re¬ 
mains  unchanged  after  the  electrochemical  treatment. 

Average  grain  size  of  the  Mm-Ni4.1Alo.2Mno.4Coo.45  alloy  was 
determined  to  be  48  pm  (Figs.  3  and  4).  The  fraction  of  the  smallest 
grains  (10%  of  the  population)  is  formed  by  the  particles  of  the 
diameter  up  to  25  pm.  90%  of  the  population  are  grains  of  the 
diameter  not  extending  76  pm. 

Using  IPS  technique  we  have  determined  the  average  spherical 
coefficient  of  the  grains  of  the  alloy  to  be  1.146.  The  specific  mass 
surface  of  the  alloy  is  equal  to  606  cm2  g-1,  while  specific  volume 
surface  of  the  alloy  is  equal  to  1539  cm2  cm-3.  Effective  surface  of 
an  average  working  electrode  used  in  our  electrochemical  mea¬ 
surements  was  ca.  9.5  cm2,  while  the  surface  of  a  solid  electrode  of 
the  same  geometry  would  not  extend  1.6  cm2. 

The  Mm-Ni4.1Alo.2Mno.4Coo.45  alloy  is  stable  over  the  tempera¬ 
ture  range  of  0-550  °C,  no  mass  loss  of  the  sample  was  detected. 
We  have  observed  two  endothermic  events  at  425  °C  and  465  °C 
upon  heating.  These  processes  are  reversible,  i.e.  during  the  cooling 
mode  two  exothermic  evens  at  the  same  temperatures  appear.  It 
might  be  melting  of  the  alloy  preceded  by  a  crystal  phase  transition. 

3.2.  Influence  of  electrolyte  composition  on  hydrogen  sorption 

We  have  performed  a  series  of  experiments  using  1  M  solutions 
of  alkali  metal  bases:  LiOH,  NaOH,  KOH,  RbOH,  CsOH.  The  same 
amount  of  electrolyte  (40  cm3)  was  used  every  time.  C.Z.  Yu  et  al. 
proved  that  the  amount  of  electrolyte  has  an  influence  on  the 
electrode  parameters  [18].  We  observed  that  the  activation  process 
plays  an  important  role  in  MH-electrode  preparation.  It  leads  to 
oxide  layer  reduction  and  impurities  removing  from  the  surface. 


Fig.  3.  SEM  image  of  the  metal  alloy  grains  and  the  MH-electrode  surface. 
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Fig.  4.  Distribution  of  the  particle  size  of  the  Mm-Ni4.1Alo.2Mno.4Coo.45  alloy. 
Percentile  values  of  10%,  50%  and  90%  of  the  population  exposed  with  grey  fields.  Bv  - 
volume  fraction  [%];  sample  population  -  200,000  particles. 
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Fig.  5.  Oxidation  and  reduction  charges  as  a  function  of  number  of  cycle. 


The  activation  process  causes  real  surface  increase  (we  observed 
cracking  of  the  grains).  The  oxidation  and  reduction  charges  rea¬ 
ches  stable  value  after  40  cycles  of  voltammetry  in  all  electrolytes 
used  (Fig.  5).  It  is  significant  that  the  maximum  capacity  value  is 
reached  after  40  cycles  in  CV  (0.002  V  s-1)  and  after  that  kind  of 
activation  -  in  the  first  step  in  CA. 

The  capacity  of  the  alloy  obtained  in  CV  technique  is  lower  than 
in  CA  (Figs.  6  and  7).  These  situation  is  due  to  non-equilibrium  state 
during  voltammetric  measurements  (with  scanning  rate 
v  =  0.002  Vs-1). 

According  to  our  results,  the  composition  of  the  electrolyte 
significantly  influences  the  electrochemical  characteristics  of  the 
working  electrode.  The  capacity  value  was  obtained  from  charge  of 
discharging  electrode.  The  time  required  for  full  charge  of  electrode 
is  dependent  on  the  electrolyte  composition. 


The  capacity  of  the  alloy  is  the  highest  in  KOH  solution,  so  the 
observed  dependence  is  not  linear  in  respect  with  ionic  radius  of 
the  alkali  metal  cation  (Fig.  7).  The  capacity  values  shown  on  Fig.  7 
are  results  obtained  in  the  first  cycle  of  CA  measurements  (after  full 
voltammetric  activation). 

We  determined  hydrogen  diffusion  coefficient  (DH)  by  charging 
and  discharging  working  electrode  maintaining  constant  current. 
The  model  of  a  finite  space  diffusion  inside  spherical  particles  was 
applied  in  the  analysis  of  CA  desorption  curves  [5,19]: 

/=  (6FDH((co-cs))/5d2)exp(-7r2DHt/d2).  (1) 

where  F  is  Faraday  constant  (96485  C  mol-1),  Co  and  Cs  are  bulk  and 
surface  hydrogen  concentration,  respectively,  <5  is  the  diffusion 
layer  thickness,  t  is  time  and  d  is  the  radius  of  a  single  alloy  particle. 
Dh  value  can  be  calculated  from  the  slope  of  a  linear  part  of  In  I  vs. 
time  plot. 

Fig.  8  presents  Dh  values  obtained  from  CA  measurements.  Dh 
changes  nonlinearly  in  the  function  of  state  of  charge  (SOC)  in  a 
similar  way  for  all  the  investigated  electrolytes.  For  the  low  values 
of  SOC  (lower  than  0.2)  DH  decrease  steeply,  for  the  higher  values  of 
SOC  (over  0.2)  changes  of  Dh  are  mild.  We  noticed  that  at  room 
temperature  DH  values  in  different  alkali  metal  hydroxide  electro¬ 
lytes  change  in  an  order:  LiOH  <  NaOH  <  KOFI  >  RbOH  >  CsOFI. 

We  observed  that  hydrogen  diffusion  coefficient  (Dh)  non¬ 
linearly  decreases  with  an  increase  of  the  state  of  charge  (SOC)  of 
the  electrode  and  it  depends  on  the  electrolyte  composition. 
Flydrogen  diffusion  coefficient  is  also  related  to  the  concentration 
of  hydrogen  in  the  material. 

The  differences  in  the  values  of  hydrogen  diffusion  coefficient 
observed  for  different  1  M  electrolytes  suggest  a  strong  impact  of  an 
electrolyte  surface  layer  composition  on  the  process  of  hydrogen 
diffusion  in  the  bulk  material.  Even  though  the  concentration  of  the 
solutions  used  in  experiments  are  the  same  (so  the  H2O  and  OH 
contents  are  the  same)  the  results  differs  for  different  alkali  metal 
hydroxide  solutions.  This  is  the  evidence  for  statement  that  the 
solution  composition  influences  the  parameters  of  the  metal  alloy 
(capacity  and  the  hydrogen  diffusion  coefficient  in  the  alloy). 

The  influence  of  the  alkali  metal  cations  on  hydrogen  diffusion 
process  taking  place  in  the  alloy  particles  can  be  explained  by 
strong  interaction  of  the  metals  or  cations  with  the  hydrogen 
absorbed.  Intercalation  of  the  alkali  metal  cations  into/under  the 
surface  layer  of  the  alloy  particles  is  also  probable  [20].  Such 
intercalation  might  modify  the  properties  of  the  alloy.  Such  a 
phenomenon  was  previously  observed  in  Pd  electrodes  [21].  The 
presence  of  caesium  metal  inside  palladium  after  hydrogen  sorp¬ 
tion  from  caesium  hydroxide  solution  was  proved  by  radiotracer 
method  (Nuclear  Activation  Analysis)  [22]. 


capacity  vs.  number  of  cycle  in  CV  technique 
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Fig.  6.  Discharge  capacity  obtained  in  CV  measurements  in  different  solutions.  Tem¬ 
perature  T  =  293  K,  scanning  rate  v  =  2  mV  s_1. 
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Fig.  7.  Electrochemical  capacity  of  the  alloy  as  a  function  of  composition  of  1  M  alkali 
metal  hydroxide  solution  (maximum  capacity  value  for  each  electrolyte,  obtained  in 
the  1st  CA  cycle  after  CV  activation). 
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Fig.  8.  Hydrogen  diffusion  coefficient  as  a  function  of  composition  of  1  M  alkali  metal  hydroxide  solution. 


Fig.  9.  SEM  images  of  surface  of  electrode  after  CV  and  CA  measurements  (293  I<)  in  KOH  and  RbOH.  The  structures  of  Mm(OH)x  are  visible  (the  needle  shape). 


As  it  is  showed  above  the  highest  value  of  capacity  of  the  alloy  is 
related  with  the  highest  value  of  hydrogen  diffusion  coefficient  and 
it  is  reached  in  1  M  KOH  solution.  This  effects  can  be  connected 
with  the  highest  concentration  of  free  spaces  on  the  surface  and 
inside  the  alloy  at  the  presence  of  potassium  cation  in  the  solution. 
We  can  assume  that  there  is  a  big  role  of  a  metal  cations  (or  metals) 
absorption  into  the  alloy  structure.  If  we  assume  that  metal  cations 
can  block  the  interstitial  places,  we  should  consider  phenomenon 
caused  by  the  intercalated  metal  (or  metal  cation  -  the  nature  of 
absorbed  character  is  not  known)  related  to  the  radium  of  the 
metal.  We  can  assume  that  the  bigger  (with  bigger  atomic/cationic 
radius)  atom  (cation),  the  lower  amount  of  the  intercalated  cation. 
So  the  cation  with  the  lowest  radius  (Li+)  should  block  the  most  of 
interstitial  places  so  the  hydrogen  cations  cannot  be  absorbed.  We 
can  also  suppose  that  alkali  metal  absorbed  into  the  alloy  may 
(locally)  enlarge  parameters  of  the  unit  cell.  And  then  the  relation 
considered  should  be:  the  bigger  cation,  the  bigger  changes  and 
more  (volumetric)  place  for  hydrogen  to  be  absorbed.  So  it  suggests 
that  the  lowest  blocking  property  have  Cs+  cations  (and  the 
hydrogen  capacity  of  the  alloy  in  CsOH  solution  should  be  the 
highest).  On  the  other  hand,  probably  the  amount  of  absorbed 
cations  is  connected  with  its  radius  -  the  bigger  radius,  the  lower 
amount  of  absorbed  metal.  So  the  enlarging  properties  (and  the 
highest  hydrogen  capacity)  are  stronger  for  Li+  (because  of  the 
highest  amount  of  absorbed  Li).  On  the  other  hand  we  suggest  that 
hydrides  durability  plays  also  an  important  role  in  observed  effect. 
The  most  durable  hydride  (among  alkali  metal  hydrides)  is  LiH  and 
the  least  durable  -  CsH,  so  the  absorbed  lithium  could  make  dif¬ 
ficulties  for  hydrogen  transport  trough  the  alloy  structure. 

That  can  be  one  of  the  explanation  of  the  alkali  metal  cations 
influencing  the  hydrogen  absorption  into  the  metal  alloy  and 


the  highest  capacity  of  the  alloy  measured  in  KOH  (due  to  the 
average  atomic/cationic  radius).  It  has  to  be  noted  that  there  is 
significant  difference  (ca.  15%)  in  hydrogen  capacity  electrochemi- 
cally  absorbed  from  the  solution  with  and  without  alkali  cations 
[23].  The  influence  of  alkali  metals  on  the  hydrogen  capacity  of 
palladium  has  been  also  reported  [21]. 

What  is  more  the  interaction  between  alkali  metal  cations  and 
the  surface  of  the  material  grains  is  probable.  The  corrosion  process 
takes  place  during  measurements  (hydroxides  and  oxides  are 
formed,  i.e.  Mm(OH)x,  Co(OH)2,  Mn(OH)2).  Amount  of  the  corrosion 
products  depends  on  the  electrolyte.  The  strongest  corrosion  we 
observed  in  RbOH  and  CsOH.  As  it  is  seen  on  Fig.  9  the  corrosion  of 


dicharge  curves  for  SOC=1  in  1M  KOH 
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Fig.  10.  The  discharge  curves  as  a  function  of  time  of  discharge  in  different 
temperatures. 
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capacity  values  vs.  temperature  in  1M  KOH 
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Fig.  11.  Capacity  (obtained  in  the  1st  CA  cycle  after  CV  activation)  of  the  alloy  obtained 
in  different  temperatures  in  1  M  KOH. 


the  alloy  is  weaker  when  KOH  solution  is  used.  The  highest 
corrosion  processes  we  observed  in  RbOH  (Fig.  9).  The  corrosion 
advancement  we  defined  on  the  basis  of  surface  covering  by  hy¬ 
droxides  and  oxides  crystals. 

3.3.  Influence  of  temperature  on  capacity  of  the  MH  electrode 

Because  of  the  highest  value  of  capacity  of  the  electrode  in  KOH 
electrolyte  we  have  performed  a  series  of  experiments  in  different 
temperatures  using  Lauda  thermostat.  The  temperature  range 
chosen  for  these  measurements  was  caused  by  the  typical  tem¬ 
peratures  the  Ni-MH  batteries  work  in.  The  time  required  for 
hydrogen  desorption  from  the  electrode  is  longer  in  lower  tem¬ 
peratures  (Fig.  10).  It  suggests  slower  diffusion  of  the  hydrogen 
through  the  alloy  grains  at  lower  temperatures.  Additionally  we 
suggest  that  it  can  be  also  due  to  the  higher  viscosity  of  the  elec¬ 
trolyte  at  lower  temperatures  which  has  an  impact  on  the  diffusion 
of  OH-  anions  and  H2O  molecules  within  the  solution. 

The  capacity  of  the  electrode  increases  with  temperature  in¬ 
crease  and  it’s  almost  stable  above  293  K  (Fig.  11).  The  capacity 
value  does  not  increase  with  increasing  temperature  above  293  K.  It 
is  connected  with  maximum  theoretical  capacity  (which  for  the 
examined  material  is  not  higher  than  6H/M  and  depends  on  the 
stoichiometry  of  the  hydrides  used  in  calculation).  Also  the  corro¬ 
sion  processes  are  stronger  in  higher  temperature  so  the  efficiency 
of  the  hydrogen  absorption  and  desorption  is  not  completed.  The 
capacity  value  obtained  at  273  I<  is  just  the  half  of  the  maximum 
value  obtained  at  313  K.  The  impact  of  temperature  on  the  pa¬ 
rameters  of  the  electrode  was  observed  by  other  groups  for  similar 
alloys  [24-26]. 

4.  Conclusions 

We  performed  a  physicochemical  characterisation  of  a  hydrogen 
storage  powder  alloy  MmNi4.1Alo.2Mno.4Coo.45.  The  properties  of 
the  material  were  carefully  studied.  The  structure  type  of  the  unit 
cell  was  determined.  The  alloy  crystallises  in  a  hexagonal  (P6 / 
mmm)  unit  cell  of  Cus^Ybo.s  structure  type  (a  modified  LaNis 
structure).  Powder  samples  of  the  alloy  contain  mostly  grains  of  a 
diameter  20-80  pm,  the  average  grain  size  of  the  alloy  was 
determined  to  be  48  pm.  The  alloy  is  stable  at  room  temperature 
and  its  crystal  structure  remains  unchanged  after  the  electro¬ 
chemical  treatment.  Also  the  thermal  stability  of  the  material  was 


investigated  and  we  concluded  that  it  is  stable  in  wide  range  of 
temperature  (0-550  °C). 

We  investigated  electrochemical  capacity  of  the  alloy  and 
hydrogen  diffusion  coefficient  as  a  function  of  an  electrolyte 
composition  at  room  temperature.  We  used  LiOH,  NaOH,  KOH, 
RbOH  and  CsOH  as  electrolytes.  These  are  comprehensive  mea¬ 
surements  inclusive  all  alkali  metal  hydroxides.  We  observed  the 
highest  capacity  and  Dh  values  in  1  M  KOH  solution.  The  decrease  of 
the  electrochemical  capacity  of  the  alloy  observed  in  other  elec¬ 
trolytes  can  be  explained  by  strong  interaction  of  the  electrolyte 
with  the  surface  of  the  alloy  (alkali  metals  intercalation  and 
corrosion). 

The  influence  of  temperature  on  capacity  of  the  alloy  is  signifi¬ 
cant.  The  decrease  of  temperature  causes  decrease  of  the  capacity 
value.  The  capacity  value  is  almost  stable  above  293  K.  This  topic 
will  be  the  theme  of  our  next  article. 

The  results  obtained  suggest  that  the  properties  of  the  electrode 
made  of  the  hydrogen  storage  alloy  (MmNi4.1Alo.2Mno.4Coo.45) 
highly  depend  on  the  composition  of  the  electrolyte.  The  presented 
electrochemical  study  is  important  in  view  of  designing  new  elec¬ 
trolytes  to  be  used  in  Ni-MH  batteries. 
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